Introduction
============

Improvements in quality and accessibility of public health measures, as well as medical interventions for multiple diseases, have led to dramatic increases in the average human lifespan over the last century.^[@ref1]^ Along with this increase in life expectancy comes increased risk for the development of neurodegenerative and neuropsychiatric disorders in late life, including significant increases in symptoms related to depression.^[@ref2]^ This report focuses on major depression and its associated symptoms as critical factors and potential modulators of a proposed age-by-disease interaction model. Major depression affects subjects of all ages, increases morbidity in the context of several organ diseases, and overall causes greater disability than all other psychiatric disorders.^[@ref3]^ Major depression is a severe mental illness that is defined by specific sets of symptoms, but low mood and anhedonia, the two core symptom dimensions of the illness, are observed across major mental illnesses and neurodegenerative disorders. Importantly, biological pathways associated with depression overlap with those frequently implicated in aging processes (eg, stress, inflammation, immune recruitment, and metabolic syndrome), prompting the hypothesis of accelerated aging in depressed subjects:^[@ref4]^ Notably, chronic stress, a common precipitating factor in depression, recruits similar pathways and has been suggested as a factor leading to accelerated aging.^[@ref5]^ Conversely, while major depression per se does not increase with older age, a constellation of related symptoms are present in many elderly subjects, even if not categorically diagnosed as depression.^[@ref2]^ However, there is also a large variability in individual susceptibility to develop depression and related symptoms with increasing age, and while some dysfunction appears inevitable, successful emotional, physical, and cognitive aging is achievable. This suggests that agerelated biological mechanisms and functional outcomes, including vulnerability to experience depressive symptoms, can be slowed down under certain circumstances, and/or that protective mechanisms may be recruited throughout the lifespan. Hence, simultaneously investigating the biological causes and reciprocal links between brain aging and neuropsychiatric disorders may provide novel perspectives on disease mechanisms.

Accordingly, since evidence suggests that neural networks and biological mechanisms underlying mood regulation are specifically at risk across disorders and during aging,^[@ref6]^ our group has focused on major depression and aging of the brain, in order to investigate age-by-disease interactions.

During our investigations of the molecular bases of major depression in the human post-mortem brain, we have uncovered a large and robust effect of age on multiple genes and biological pathways.^[@ref7],[@ref8]^ Notably, this set of age-dependent genes broadly overlaps with disease-related pathways, and the changes in gene function observed during aging occur for the most part in directions that would otherwise promote neurological disorders, including depression.^[@ref8]^ For instance, brain-derived neurotrophic factor (BDNF), somatostatin (SST) and other neuropeptides are decreased in mood-related^[@ref9]-[@ref14]^ and neurodegenerative disorders,^[@ref15]-[@ref16]^ but also lose \~ 50% expression during aging in control subjects.^[@ref7],[@ref17]^ Similar age and disease changes are observed for numerous other genes,^[@ref8],[@ref10]^ together suggesting that normal brain aging may in fact promote aspects of disease-related mechanisms. Indeed, major depression is associated with anticipated gene expression changes that occur during normal aging of the brain,^[@ref18]^ suggesting that an older molecular age of the brain may represent an early biological event in the disease process, and may serve as a useful marker for risk of developing symptoms of depression.

This review summarizes findings and observations in support of an age-by-disease biological interaction model. This model brings together basic research on normal aging with the investigation of neuropsychiatric and neurodegenerative diseases, and suggests that environment and genetic variability are contributing factors in defining risk and/or resiliency trajectories. Further, identifying age -dependent biological processes and their modulators may inform the development of new interventions for the prevention and treatment of a more broadly-defined depressive syndrome and for related functional outcomes in elderly subjects. Aspects of this model and hypothesis have been previously discussed elsewhere.^[@ref19],[@ref20]^

Depression and age-related functional outcomes
==============================================

According to the *Diagnostic and Statistical Manual Of Mental Disorders. Fourth Edition (DSM-IV),* Major Depression is diagnosed in individuals experiencing low mood and/or anhedonia plus five symptoms that may include changes in sleep, feelings of guilt or worthlessness, low energy, poor concentration, changes in appetite, psychomotor retardation, and thoughts of death or suicide.^[@ref21]^ Defined this way, Major Depression affects 10% to 15% of people in the general population in their lifetime.^[@ref22]^ The biological bases of depression are complex and likely involve multiple interacting disruptions affecting neurons and glial cells within specific brain areas, giving rise to neural network dysfunctions and depressive symptomatology. At the molecular level there is compelling evidence for the involvement of many biological processes in depression, including, but not limited to, altered monoaminergic neurotransmission, altered stress hormone homeostasis, reduced neurotrophic support, metabolic dysregulation, immune reaction, increased inflammation, oxidative stress, and mitochondrial dysfunction, as well as other aspects of brain plasticity and synaptic functions.^[@ref23]^ Notably, similar changes have been reported during aging, prompting the hypothesis that major depression may be associated with "accelerated aging" (See Wolkowicz et al^[@ref4],[@ref24]^ for reviews).

On the other hand, major depression and other mood disorders per se do not necessarily increase with age, and in fact, only approximately 1% of older individuals meet the criteria for major depression, a prevalence much lower than in younger individuals.^[@ref25]^ However, approximately 15% to 25% of individuals over the age of 65 experience depressive symptoms that, while not meeting criteria for major depression, do cause significant distress and interfere with daily functioning.^[@ref2],[@ref26]^ Low mood symptoms are also common in the presymptomatic phases of neurodegenerative disorders, and are often misattributed to general age-related morbidity.^[@ref27],[@ref28]^ This discrepancy between formal diagnosis and clinically significant depressive symptoms likely reflects the tendency of older individuals to underreport psychiatric symptoms, the predominance of vegetative and somatic symptoms as part of their clinical presentation, the inability to express depressive symptoms secondary to cognitive impairment,^[@ref29]^ and the possibility that depression in older individuals represents a different disease entity with unique clinical presentation and pathophysiology.^[@ref2],[@ref30]^

Although it is difficult to untangle causal relationships, evidence suggests that proper mood regulation---the capacity to exert homeostatic control on emotions over time---may represent a key component of late-life functional success, and conversely, that mood symptoms may represent not only an early marker, but also a potential contributing factor for subsequent spiraling functional declines.^[@ref31]^ Indeed, studies of the functional correlates of aging consistently report increased negative outcomes of low mood,^[@ref2]^ motor deficits ranging from decreased fine motor control to impairments in balance and gait, and continuous decline in certain aspects of cognitive functions.^[@ref32]^ This suggests that aspects of mood regulatory mechanisms may be selectively vulnerable to early homeostatic changes during normal and pathological aging, or that depressive symptoms may represent a common output for various underlying age-related brain declines.^[@ref30],[@ref33]^ Conversely, a proportion of older individuals are more resilient to the adverse effects of negative life events and are less likely to feel remorse and guilt,^[@ref2]^ underscoring the critical role of individual variability.

Aging of the brain
==================

The number of individuals reaching age 65 in the United States rose 3-fold in the 20th century, from 4.1% in 1900 to 12.4% in the year 2000, and may rise above 20% by the middle of this century. This is equivalent to roughly 85 million people at current growth rates.^[@ref1]^ Despite its critical importance to a population growing older, "normal" brain aging and its association with late-life brain disorders is an understudied area of research. This is particularly apparent when compared with the investigation of neurodegenerative disorders, among other fields. The lack of attention given to this important topic may be due to the general belief that aging is inescapable, broad-ranging, and nonspecific.

However, in recent years, the identification of single gene mutations affecting aging and longevity in nematodes, insects, and rodents has demonstrated the presence of a genetic program underlying aging, challenging the above assumptions.^[@ref34],[@ref35]^ In the mammalian brain, the course of aging parallels that of peripheral tissues, but additional mechanisms reflect the unique features of the brain and post-mitotic differentiated neurons.^[@ref19],[@ref36]^ For instance, the brain has a higher metabolism level than the rest of the body and utilizes a large proportion of consumed oxygen, hence increasing the potential for producing reactive oxygen species and subsequent oxidative stress. Oxidative stress mediates specific neuronal damage, including modifications to lipids, protein, and DNA, resulting in inflammation, an increase in reactive astrocytes, and altered Ca^2+^- and mitochondria-mediated neuronal functions, which together may contribute to the deterioration of mental capacities with age.^[@ref37],[@ref38]^ Further, with rare exceptions, neurons do not divide,^[@ref39]^ and thus cellular damage tends to accumulate with increasing age. This is paralleled by a decrease in the capacity for cellular repair.^[@ref36]^

Structurally, studies reveal a decrease in neuron volumes, a small loss or no change in cell numbers,^[@ref40],[@ref41]^ and a progressive thinning of cortical thickness, affecting both gray and white matter.^[@ref42],[@ref43]^ Functionally, studies indicate a continuous decline with age in certain aspects of cognitive functions (speed of processing, working memory, and long-term memory) beginning in the 20s.^[@ref44]^ In contrast, verbal knowledge increases throughout the lifetime.^[@ref32]^ This latter observation highlights the point that, while studies often demonstrate a negative conceptual bias towards aging, age-related changes can also be positive, and may represent the recruitment of protective mechanisms against known deleterious effects of aging (ie, oxidative stress) or uncharacterized and beneficial late brain-maturation processes. Based on the above observations, and supported by developments in gene array technology, our group^[@ref7],[@ref8]^ and others^[@ref45]-[@ref48]^ have investigated the presence of age-dependent gene expression changes in the human brain, as molecular correlates of affected cellular functions.

"Molecular aging" of the human brain
====================================

It has been known for some time that robust changes in gene expression occur with aging in peripheral tissues.^[@ref49]^ The fact that age-related changes in gene expression extend to the brain may not be surprising, given the body of knowledge about changes in structure and function of the brain with age (described briefly above). Indeed, one might hypothesize that age-related changes in gene expression reflect a general deterioration of the brain and that a preponderance of genes would be affected. This, however, does not appear to be the case. Recent genome-wide studies demonstrate that a relatively small number of genes exhibit age-dependent gene expression changes. Studies in rodent, monkey, and human brains estimate the number of genes exhibiting age-dependent changes to represent less than 10%, and commonly less than 5%, of the entire genome,^[@ref7],[@ref50]-[@ref55]^ In a study from our group, the age-related changes of a large number of genes were investigated using gene microarray technology in prefrontal cortex samples from human subjects aged 13 to 79 years *([Figure 1](#DialoguesClinNeurosci-15-53-g001){ref-type="fig"})*.^[@ref7]^ The data from this study identified life-long progressive changes in expression with age in approximately 7.5% of genes tested, while expression levels for the large majority of genes were strikingly unchanged throughout adult life. This set of age-dependent genes was also very similar to those observed in other studies, and in fact displayed a high degree of conservation across cohorts and cortical brain regions, despite differences in sample size, expression platforms, and analytical methods.^[@ref7],[@ref8],[@ref50]-[@ref52],[@ref54],[@ref56],[@ref57]^ Together, this conserved and restricted scope of transcript changes suggests that specific cellular populations and biological processes are selectively affected during aging.

![Continuous and progressive gene expression changes in human prefrontal cortex. Age-dependent changes for a core set of exemplary genes (n=588) are presented together for two regions of the prefrontal cortex (Brodmann area (BA9), dorsolateral prefrontal cortex; BA47, orbital ventral prefrontal cortex). Each gene is represented by a row, each array, or brain area per subject, by a column. Samples are organized left to right by brain area and increasing age. Green and red bars indicate decreased and increased gene expression, respectively, versus the averaged signal for these genes across all samples. For example, a horizontal row going from red to green indicates a gene for which expression decreases with age in that brain area. Genes are organized along the y-axis according to similarities in expression profiles across age. This study illustrated several points: (i) similar numbers of genes are downregulated or upregulated throughout the lifetime; (ii) gene changes display continuous and progressive trajectories throughout adult life; (iii) profiles of age-dependent changes are conserved across the two areas; and (iv) downregulated genes are mostly expressed in neurons, whereas upregulated genes include most glial-enriched and some neuronal-enriched genes, as indicated on the right hand of the figure. Columns to the right indicate the distribution of genes with glial-(white matter \[WM\]- enriched) or neuronal-enriched (gray matter \[GM\]-enriched) signals. Adapted from ref 7: Erraji-Benchekroun L, Underwood MD, Arango V, et al. Molecular aging in human prefrontal cortex is selective and continuous throughout adult life. *Biol Psychiatry.* 2005;57:549-558. Copyright © Elsevier 2005](DialoguesClinNeurosci-15-53-g001){#DialoguesClinNeurosci-15-53-g001}

Expression of genes playing a role in glial-mediated inflammation, oxidative stress responses, mitochondrial function, synaptic function and plasticity, and calcium regulation has now consistently been shown to be affected by aging across multiple studies.^[@ref19],[@ref36]^ Overall, age-upregulated genes are mostly of glial origin and related to inflammation and cellular defenses, while downregulated genes display mostly neuron-enriched transcripts relating to cellular communication and signaling *(Figure 1)*.^[@ref7]^ The specificities of genes and cellular functions affected during aging of the brain are briefly summarized in *[Figure 2](#DialoguesClinNeurosci-15-53-g002){ref-type="fig"},* and have been reviewed in detail elsewhere.^[@ref19],[@ref36]^

![Age-dependent biological changes in neurons and glia. Known age-related cellular phenotypes are highlighted for neurons and glia. Blue, pyramidal cells; Purple, interneurons; Orange, astrocyte; Green, microglia; Brown, oligodendrocyte. Not shown are changes in brain white matter track and blood vessel integrity. Many neuronal phenotypes (such as DNA damage) occur in neuron and glia. In parentheses are single representative examples (amongst many) of age-regulated gene expression changes, which may contribute to the particular cellular phenotypes. CRF, Corticotropin-releasing hormone; CALB-1, calbindin 1; SOD2, superoxide dismutase 2; BCL-2, B-cell CLL/lymphoma 2; DRD1, Dopamine receptor D1; SYN2, synapsin II; GFAP, glial fibrillary acidic protein; NF-KB, nuclear factor kappa B; CNP, 2\',3\'-cyclic nucleotide 3\' phosphodiesterase; MHC, myosin heavy chain. Adapted from ref 19: Glorioso C, Sibille E. Between destiny and disease: genetics and molecular pathways of human central nervous system aging. *Prog Neurobiol.* 2011;93:165-181. Copyright © Pergamon Press 2011](DialoguesClinNeurosci-15-53-g002){#DialoguesClinNeurosci-15-53-g002}

Together, the consistency and specificity of age-related changes fulfill criteria for aging biomarkers. Accordingly, we have shown that the predicted age for a particular individual, based on regression analysis of age-related trajectories for age-dependent genes, is highly correlated with the chronological age of that individual.^[@ref7],[@ref8]^ Hence, we have proposed the concept of "molecular age" (ie, predicted age, based on gene expression profile), as a functional assay to measure biological aging of the brain and to assess individual deviation from chronological age and moderators of aging processes.^[@ref7],[@ref8]^ Using this assay, deviations from expected trajectories were also observed, in which individual subjects displayed greater or lower molecular ages compared with their chronological ages. These deviations did not covary with body mass index, sex, race, or death by cardiovascular accidents. Importantly, one could speculate that individuals with older or younger biological brains may have displayed corresponding functional changes before death. Moreover, identifying factors underlying deviations either in molecular age or in sets of age-dependent genes (See section on BDNF and SST) may provide insight into modulators of age and age-by-disease interactions, hence providing targets for potential therapeutic approaches and preventive strategies. Modulators may include environmental components (diet, disease, exercise, drug exposure, etc), but evidence also suggests a genetic component into functional age trajectories. Here, before reviewing specificities of molecular aging in depression and potential genetic contributions, we review molecular aging and associated genes in the context of disease pathways.

Molecular aging of the brain overlaps with biological pathways implicated in multiple brain disorders
=====================================================================================================

Specific ages of onset are core features of many neuropsychiatric disorders, ranging from late-onset neurodegenerative diseases such as Alzheimer\'s and Parkinson\'s diseases^[@ref58]^ to earlier onset psychiatric disorders such as schizophrenia and bipolar disorder. Yet, despite their importance, the mechanism(s) underlying age thresholds are largely unknown. Studies have shown that slowing normal aging in model organisms (through genetic or environmental means) results in delayed onset of age-related disorders. For example, mice hypermorphic for the longevity gene, Klotho, live \~ 20% longer and have a corresponding delay in onset of disease^[@ref59],[@ref60]^ and calorie-restricted primates demonstrated delayed incidence of diabetes, cancer, cardiovascular disease, and brain atrophy.^[@ref61]^ Together, these observations suggest an overlap between age- and disease-related biological pathways. Following a broad survey of genes affected during aging and in diseases, we have now reported a large over-representation of neurological-related genes within the human molecular signature of aging.^[@ref8]^ In fact, up to a third of genes affected during aging have also been associated in the literature with neuropsychiatric or other brain disorders. Conversely, only 4% of non-age-regulated genes are brain disease-related. For instance, age- and mood disorder-related genes include genes coding for neuropeptides *(SSZNPY, CCK, CRF),* trophic factors *(BDNF, IGF1, FGF),* receptors *(HTR2A, DRD1, CB1R, GABRAA5, FGF2R)* and numerous other genes associated with diseases, including neurodegenerative disorders *(MAOB, PER3, CLU, SYN, HTT, NRG1, RLN, TAU, PARK, PINK1, NFKB, SOD2, RGS4,* etc).^[@ref8]^

This observation that brain disorder-related genes are overrepresented among age-dependent genes, combined with the finding that the observed effects of aging on gene expression are mostly (\>90%) in brain disorder-promoting directions, together suggest that the pathways to depression and other brain disorders in late life are aspects of normal molecular aging and may represent one mechanism by which aging precipitates their onset. Notably, these findings came from subjects who were free of neurodegenerative disorders,^[@ref8]^ so the observed changes were not sufficient to cause disorders. Instead, normal age-related changes in gene function may represent latent vulnerability factors that are promoted by aging, and that may directly contribute in the disease process (ie, causing or associated with disease) in the context of additional genetic and/or environmental risk factors, which exacerbate age-dependent trajectories. Conversely, moderating factors that delay age-dependent trajectories may promote resiliency not only against age-related declines but also against multiple brainrelated disorders.

Molecular interaction between depression and aging: the cases of BDNF, SST, and dendritic inhibition
====================================================================================================

An example of a putative interaction between age and disease is provided by the investigation of BDNF and BDNF-dependent genes. BDNF is a signaling neuropeptide that is critical during development and adulthood, specifically in maintaining plasticity and proper functioning of many targeted neuronal cells. Reduced BDNF levels and/or functions have been implicated in multiple brain-related disorders, including major depression,^[@ref10],[@ref13],[@ref14]^ bipolar depression, schizophrenia, Huntington\'s disease, and Alzheimer\'s disease,^[@ref9]-[@ref16]^ Interestingly, BDNF is also downregulated with increasing age. A normal non-psychiatric control subject may lose as much as 60% of BDNF expression between the ages of 20 and 60 years.^[@ref7],[@ref17]^ We have reported evidence of decreased BDNF levels and/or signaling in the amygdala and anterior cingulate cortex of subjects affected with depression compared to controls.^[@ref10],[@ref14],[@ref62]^ We have also reported reduced expression of SST, cortistatin (CORT), and neuropeptide Y (NPY) in the same cohorts. SST, CORT, and NPY are neuropeptides that are expressed in subtypes of γ-aminobutyric acid (GABA) interneurons, which specifically target the dendrites of pyramidal neurons *([Figure 3a](#DialoguesClinNeurosci-15-53-g003){ref-type="fig"}).* SST, CORT, and NPY expressions are dependent on BDNF signaling, as demonstrated by reduced levels in mice with genetically-induced reduction in BDNF functions.^[@ref14],[@ref62],-[@ref63]^ Together, these findings have suggested the presence of a depression-related pathogenic mechanism linking reduced BDNF function to reduced markers of GABA interneurons that provide dendritic inhibition.

![Dendritic inhibition, a biological module at the intersection of age and psychiatric disorders. A) Excitatory pyramidal neurons (PYR) are regulated by different types of inhibitory γ-aminobutyric acid (GABA) neurons. Somatostatin (SST)-, neuropeptide Y (NPY)- and cortistatin (CORT)-positive GABA neurons (red) target PYR distal dendrites. Parvalbumin- (PV) and cholecystokinin- (CCK) positive GABA neurons target PYR cell body and axon initial segment (blue). Calretinin-(CR) positive GABA neurons (green) regulate other GABA neurons. B) Markers of interneurons that target PYR dendrites show decreased expression with age, and great effect or statistical significance of changes in subjects with major depression. C) Brain-derived neurotropic factor (BDNF) expression, measured by quantitative polymerase chain reaction (qPCR), is significantly and inversely correlated with chronological age in control and depressed subjects. Values are in arbitrary units of qPCR signal intensity. Respective to age-matched control subjects, subjects with major depression display greater BDNF downregulation (-22%; P\<0.05). D) Age-regulation of BDNF- and depression-related genes. The average relative age effects for each individual subject are shown for the set of BDNF-related genes that display significant depression-related effects. Microarray-based gene expression values were normalized to the group means of each gene and averaged per subject. The BDNF-related gene set was split based on the effect of age on those genes in control subjects (top panel, age-upregulated; bottom panel, age-downregulated). The results show that age effects are systematically in the same direction, and of greater effect sizes in subjects with major depression (red squares) compared with controls (blue circles). Values are Pearson correlation factors. \*, P\<0.05; \*\*, P\<0.01 . Data in B is from Erraji et al,^[@ref7]^ Glorioso et al,^[@ref19]^ and Guilloux et al.^[@ref14]^ Figures C and D are adapted from ref 18: Douillard-Guilloux G, Guilloux JP, Lewis DA, Sibille E. Anticipated brain molecular aging in Major Depression. *Am J Geriatr Psychiatry.* 2012. Oct 31 \[epub ahead of print\]. Copyright © American Psychiatry Press 2012](DialoguesClinNeurosci-15-53-g003){#DialoguesClinNeurosci-15-53-g003}

Given that not all elderly subjects develop depression, additional factors must be at play. Indeed, the cross-sectional slope of decrease in BDNF expression in subjects with depression appears to parallel that of control subjects, but at a lower level, demonstrating reduced expression at most ages *(Figure 3b).* However, the fact that low expression in young depressed subjects overlaps with levels that are reached at older ages in control subjects demonstrates that low BDNF by itself is not sufficient. Rather, this suggests that the molecular context of these reductions are critical contributing factors to developing pathophysiology. Notably, age-related changes for multiple BDNF-dependent genes, including SST, NPY, and to some extent CORT, display increasing rates of change with age compared with BDNF (ie, steeper slopes) and greater overall effect sizes in the context of depression *(Figure 3c)*,^[@ref18]^ suggesting an age-by-disease interaction that further and negatively affects gene function in disease-promoting directions, in addition and potentially independently of changes in BDNF function.

Together, these findings have suggested the presence of a BDNF/GABA-related biological module that is responsible for principal neuron dendritic inhibition, and that is positioned at the intersection of age and depression-related mechanisms. In this module, the interaction of both factors may potentially determine if and when decreased function reaches a certain threshold, under which pathophysiological output occurs. These findings also suggest three important aspects of a potential ageby-disease interaction: (i) age-dependent changes in expression of disease-related genes may represent latent vulnerability factors for diseases and associated symptom dimensions; (ii) BDNF and its associated agedependent changes may represent an upstream mediator for age-dependent changes of disease-related genes; and (iii) additional factors must be at play in establishing initial changes in upstream disease-related gene changes (ie, low BDNF) and in moderating the apparent "acceleration" of age-dependent trajectories in disease-promoting directions. Here, we next review additional findings relating to depression and accelerated aging, before discussing a broader age-by-disease interaction model.

Depression is associated with "accelerated" molecular aging
===========================================================

Based on the above-described putative interaction between age- and depression-related mechanisms affecting BDNF and BDNF-dependent genes, and in order to more formally test the hypothesis of accelerated aging in depression, we have investigated changes in broader patterns of age-dependent gene expression in the brains of individuals specifically affected with major depression.^[@ref18]^ Results confirmed that affected subjects showed greater changes for BDNF and BDNF-dependent gene expression than the normal age-related changes observed in control subjects. That study also reported that most depression-related genes were frequently age-regulated in both case and control subjects, and that the effects of major depression and age on individual genes were positively correlated. Conversely, most genes that were age-dependent in control subjects displayed greater age effects in subjects with major depression, and the increased prevalence of age effects in depression often corresponded to similar effects in controls, although of reduced magnitude and significance (ie, trend levels). This latter point suggested that the overall increase in number of age-affected genes in depressed subjects may not correspond to de novo age effects, but rather to amplified subthreshold events that were already present in control subjects. So, while that study provided molecular evidence in support of an accelerated brain aging hypothesis in depression, the observed combination of robust (eg, BDNF pathway) and more modest effects on different sets of genes and biological pathways also suggest a heterogeneous impact of age and disease effects on cellular functions. Alternatively, the molecular correlates of aging may represent variable sets of biological age-dependent events, each with their own mediators and modulators and with potential specificities in rates of age-related changes.

Proposed model for age-by-disease molecular interactions
========================================================

The physiological and functional output of any biological system represents the integration of events occurring at the levels of genes, molecules, cells, microcircuits, and neural networks, and constant feedback across these biological scales contributes to the maintenance of homeostasis in the face of a changing environment. In the context of aging, it is not known which changes represent primary adaptive events that are necessary to maintain homeostasis, and which represent reactive processes and reduced capacity for repair against deleterious events, such as increased oxidative damage, inflammation and accumulation of damaged macromolecules, specifically affecting non-dividing neurons. However, the nature of age-dependent genes and the directions of their expression change with age strongly suggest that the human brain progressively moves with advancing age towards a state that is biologically more consistent with those observed in the context of neuropsychiatric and neurological disorders.^[@ref20]^ However, the relative rates of occurrence of psychopathology in elderly subjects also demonstrate that the age-dependent and disease-promoting changes in the expression of disease-related genes are not sufficient to induce overt pathophysiology and associated disease symptoms. For instance, extrapolating for studies in postmortem subjects, reduced BDNF, and markers of dendritic inhibition are probably common in many elderly subjects. One can speculate that these changes may actually be appropriate for the biological landscape of an elderly subject, but similar changes in a younger biological context may induce neural network dysfunctions and deficiencies in information processing and mood regulation, resulting in depression in midlife subjects, for instance. Hence, deviations from predicted trajectories and associated biological context may be more critical than expression changes per se.

Based on these observations and supported by the fact that gene changes during aging occur in disease-promoting directions, our proposed model is that aging represents an intrinsic vulnerability to pathophysiological changes leading to symptom dimensions (eg, cognitive decline, low mood) and brain disorders, and that additional factors determine if and when critical pathophysiological thresholds are reached *([Figure 4](#DialoguesClinNeurosci-15-53-g004){ref-type="fig"}).* More specifically, loss (or gain) of expression of disease-related genes below or outside expected trajectories and homeostatic range may mark the onset of cellular deficits, leading to disturbances in higher biological scales (microcircuitry, brain region, neural network), in turn promoting the onset of symptoms as the emerging properties of a deregulated system. In this model, factors that affect the trajectory of these age-related changes will determine the timing and potential severity of the initial molecular deficits *(Figure 4).* The identification of moderators, which place individuals on "at-risk" trajectories, may provide critical information on mechanisms of disease onset. Conversely, factors that delay age-related changes, or that place individuals on "protected" trajectories, may provide critical information on the nature of resiliency, and may offer insight into designing preventive strategies. In short, biological moderators of agedependent trajectories of gene function may represent candidate targets for therapeutic approaches and for promoting resiliency against brain disorders, including psychiatric disorders.

![A proposed age-by-disease molecular interaction model. The graph depicts the age-dependent change in expression that is frequently observed for genes that are otherwise implicated in brain-related disorders (a decrease is shown here). Progression below a threshold (horizontal red line) marks the onset of disease symptoms. Changes in the trajectory of agerelated changes in expression of disease-related genes (Y-axis) determine the age (X-axis), or even if, an individual develops disease symptoms (vertical red arrows). Per this model, modulators (black arrows), genetic or environmental, place subjects on an "at risk" or protected trajectory for developing symptoms or brain-related disorders LLD (late-life depression). Adapted from ref 8: Glorioso C, Oh S, Douillard GG, Sibille E. Brain molecular aging, promotion of neurological disease and modulation by Sirtuin5 longevity gene polymorphism. *Neurobiol Dis.* 2011;41:279-90. Copyright © Blackwell Science 2011; ref 19: Glorioso C, Sibille E. Between destiny and disease:genetics and molecular pathways of human central nervous system aging. *Prog Neurobiol.* 2011;93:165-181. Copyright © Pergamon Press 2011](DialoguesClinNeurosci-15-53-g004){#DialoguesClinNeurosci-15-53-g004}

Implications for future investigations of mechanisms of age and brain-related disorders
=======================================================================================

Environmental and genetic factors are obvious candidate moderators of an age-by-disease interaction, but identifying their impact on biological aging of the brain may require new experimental strategies. Differences in molecular ages can be assessed in the mid-life range using postmortem brain samples *(Figure 4*, green shading) since molecular aging displays continuous, life-long, and mostly linear trajectories in adult subjects.^[@ref7],[@ref46]^ In contrast, when conducting studies to demonstrate associations of biological moderators with functional outcomes in live subjects, it is important to note that brain reserve capacity may buffer functional changes from occurring until years later. The presence of functional declines (emotionality, cognition, health) may be better assessed during later age periods of reduced reserve (ie, over 60 to 65 years of age; *Figure 4,* yellow shading), where at-risk subjects may start experiencing variable rates of functional declines, while protected individuals may be experiencing more successful aging.

In view of the restricted scope of the molecular profile of aging (ie, less than 10% of expressed genes), studies of genetic factors affecting biological aging are predicted to reduce the number of candidate genes and associated DNA variants to reasonable levels for analytical purposes, hence addressing some of the problems of genome-wide association studies. In a proof-of-concept experiment, we have shown that individual subjects carrying a specific DNA variant located upstream from a candidate gene from the sirtuin family of longevityrelated genes (Sirtuin 5),^[@ref8]^ displayed increased molecular ages compared with carriers of the "protective" DNA variant, as measured in anterior cingulate cortex postmortem brain samples. These postmortem genetic studies will need to be followed by studies demonstrating associations of those DNA variants with putative changes in functional trajectories or with altered disease risk ratios in live subjects.

Genetic associations with functional outcomes can be performed using resources from large-scale epidemiological studies, such as the health and body composition, cardiovascular health study or Framingham heart studies, which were specifically designed to investigate critical factors at the vigor-to-frailty age period. These studies may also facilitate the investigation of the moderating effects of the environment (ie, exercise, caloric restriction, nutritional factors such as antioxidants and omega-3 fatty acids, medication, etc), which are more difficult to assess in postmortem conditions due to smaller cohort sizes and reduced antemortem information.

Conclusion
==========

In summary, the considerable overlap between the molecular correlates of brain aging and biological pathways implicated in several neuropsychiatric and neurodegenerative disorders, combined with the potential for a continuum of risk for psychopathology (or conversely resiliency) along life -long trajectories, together suggest a model for age-by-disease molecular interaction in which brain aging promotes biological changes associated with diseases. The implications of a proposed age-by-disease biological interaction model are profound, as it provides an investigational framework for identifying critical moderating factors, outlines opportunities for early interventions or preventions, and finally may form the basis for a dimensional definition of diseases that goes beyond the current categorical system.
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